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I. INTRODUCTION
The key to improve plasma confinement in tokamaks at high temperature and density lies on the transport barriers achieved in so called H-mode regimes, first discovered on ASDEX 1 in the early 1980's. This high energy confinement mode (H-mode) with a steep pressure gradient at the edge represents out of few percent of the plasma radius in toroidal magnetic systems. In this regime the plasma pressure drops sharply over a narrow layer in the middle of the plasma edge. Once the H-mode is settled, this pressure gradient tends to increase with time until the peeling-ballooning instability leads to a turbulent state triggering the Edge Localized Modes (ELMs), which release the transport barriers in a time shot compared to the the energy confinement time τ C . 2, 3 . ELMs are periodic fast bursts of hot dense plasma on a fast time scale (∼ 25−300µs) and low amplitude, followed by expulsion of edge plasma and MHD activity, leading to confinement degradation 4 . Along with the fast barrier relaxation event, a turbulent transport through the barrier strongly increases and the pressure gradient drops down reaching a new configuration and then the barrier builds up again on a slow collisional time scale.
Turbulence simulations of transport barrier relaxations at the tokamak plasma edge have revealed that the control of such relaxations by RMPs is attributed to a local erosion of the barrier [5] [6] [7] . This erosion at the resonance position is known to be caused -at least partly -by the enhancement of the radial heat flux in presence of the RMP due to the strong parallel heat flow along perturbed field lines as is the so called magnetic flutter flux 8 . However, in the presence of magnetic curvature, an additional transport mechanism exists and is linked to stationary convection cells associated with the magnetic islands induced by RMPs 5, 6 .
In presence of a mean poloidal velocity shear, this additional convective transport can be considerably high and even larger than the thermal flux from the magnetic flutter flux 7 .
This previous result has been obtained in the frame of an electrostatic model.
We show here by numerical simulations in the frame of a 3D electromagnetic fluid turbulence model (EMEDGE3D) 9 and in the basic situation without turbulent fluctuations and without imposed mean velocity shear that two different equilibrium plasma states exists in presence of a RMP. The first regime is characterized by the absence of mean poloidal flow and a low level of convective transport. The second regime shows mean poloidal rotation and large convective transport. Here we show how these two equilibria depend on magnetic curvature and RMP amplitude. Interestingly, in the case of cylindrical curvature, the simple equilibrium without mean poloidal rotation and without considerable convective transport is found to be unstable such that the plasma evolves self-consistently to the poloidally rotating state where large convective transport is present. In the case of toroidal curvature, the simple equilibrium is found to be stable. A detailed stability analysis is presented.
In section II, the dimensionless 3D model of partial differential equations is presented with the profiles used for the code EMEDGE3D. In section III, the helical equilibrium states of the plasma driven by the RMP coils is derived for the cylindrical case and compared with simulations, for then analyse the results obtained in terms of the islands width in section IV.
We show the different equilibrium states obtained with the toroidal geometry with multiple harmonics RMPs in section V, then we detach the main results of the work in section VI as a conclusion.
II. 3D PLASMA-RMP MODEL
Following Beyer 10 and Fuhr 9 , we introduce three reduced normalized magneto-hydrodynamical PDEs with source J RM P for the strength of the RMP currents. The equations are used to study the spatio-temporal behaviour of the three-dimensional fields of plasma pressure p, electrostatic potential φ and magnetic flux ψ.
In toroidal coordinates (r, θ, ϕ) and in a slab geometry (x, y, z) in the vicinity of a reference surface r = r 0 at the plasma edge, i.e. x = (r − r 0 ) /ξ bal , y = r 0 θ/ξ bal , z = R 0 ϕ/L s , the normalized operators are
Here, q 0 = q(r 0 ) is the safety factor at the reference surface, R 0 is the major radius of the magnetic axis and L s is the magnetic shear length. Lengths parallel ( ) and perpendicular (⊥) to the unperturbed magnetic field are normalized by L s and ξ bal , respectively, and time is normalized by τ int , where the resistive ballooning radial correlation length ξ bal and the interchange time τ int are given by
where m e /m i is the ratio of the electron to the ion mass, and τ e , c s , L p , ρ s are reference values of the electron collision time, the sound speed, the pressure gradient length, and the ion Larmor radius at electron temperature, respectively. For a collisional tokamak plasma edge, one typically finds ξ bal ∼ ρ s and τ int ∼ 10L p /c s .
The dimensionless ballooning pressure gradient
is similar to the normalized pressure gradient α MHD widely used in MHD tokamak stability theory 2L p /R 0 is set to δ c = 0.01.
The main computational domain corresponds to the volume delimited by the toroidal surfaces characterized by q = 2.5 and q = 3.5, respectively, and including the reference surface q = q 0 = 3. Here, a linear 1/q profile is assumed, and ξ bal /r 0 = 1/500, L s /R 0 = 1 for the reference parameters. The complete computational domain is slightly larger and delimited by x min < x q=2.5 and x max > x q=3.5 . The source S is located in the inner buffer zone x min < x < x q=2.5 and gives rise to a constant incoming energy flux, Q tot =
from the plasma center into the main computational domain. The helical current J 0 (x)
is located in the outer buffer zone x q=3.5 < x < x max (Fig. 2a) . Here, the RMP coil structure is a function of the helical angle Here we choose the regime RMP coil with (m 0 , n 0 ) = (12, 4) , which the external current induces a magnetic perturbation resonant at q = q 0 = 3 as shown in Fig. 2b .
The pressure profilep(x, t) = p y,z evolves self consistently according to the energy transport equation [the toroidal and poloidal average · yz of (2)],
In a stationary state, integrating Eq. 5 in the radial direction leads to the energy flux balance
for a steady state. In the following, for a given RMP coil, two different helical equilibrium states of the plasma are obtained by the numerical calculations we first deduce analytically their main properties in the case of cylindrical curvature. In this case, there is no linear coupling between neighbouring poloidal wavenumbers m, m − 1, m + 1, etc., and the equilibrium can be assumed to be of the form
III. EQUILIBRIUM STATES IN PRESENCE OF RMP
where the bar and the index "1" designate respectively the axisymmetric and the (m, n) = (m 0 , n 0 ) = (12, 4) components, in which
Inserting the expression (7) in Eq. (1)- (3) yields the following set of five coupled equations forφ,p, φ 1 , p 1 and ψ 1 ,
Here, ℜf = (f + f * )/2 and ℑf = (f − f * )/2ı. Eqs. (8)- (12) admit a symmetric solution corresponding to a helical equilibrium where the induced magnetic perturbation and the associated pressure perturbation are in phase with the external current (4), i.e. ℑψ 1 = 0, ℑp 1 = 0, and the potential variation is in phase quadrature, ℜφ 1 = 0. In this equilibrium, the poloidal rotation is zero,v E = ∂ yφ = 0. In summary, the solutions of Eq. (8)- (12) reduces to 
where φ Pictures a) and c) depict the pressure and electric potential profiles for the case described by system in equilibrium in Eq. (13) with the profiles shown on Fig. 3 . This system evolves to the state depicted on frames b) and d) with poloidal rotation, which the phase-shift between p and ∂φ play the role to the high convective flux and the poloidal rotation.
low level noise for all fields, providing that the pressure gradient ∂ xp stays below the resistive ballooning instability limit. This is guaranteed here by choosing a sufficiently low value of the total energy flux Q tot . However, with this convergence method, the symmetric equilibrium state (13) can only be obtained when explicitly forcing no rotation. This means that the symmetric equilibrium is unstable. This property will be discussed in the next section. When the temporal evolution is calculated self-consistently including poloidal rotation, the system evolves to a new helical stationary state with non vanishing sheared plasma rotation. We call 
IV. TRANSITION TO THE ROTATING STATE WITH STRONG CONVECTIVE FLUX
The instability of the symmetric equilibrium and the transition to the second helical state described above can be illustrated by performing a time integration in two successive phases and following the evolution of the convective and magnetic flutter fluxes at the resonant surface (Fig. 7a) . In an early phase of the integration (from t = 0.05 · 10 4 on), the rotation is forced to zero and the system is rapidly evolving to the stationary state obtained in Eq. (13), where the convective flux Q conv is much smaller than the flutter flux Q δB . Then, from t = 8000 on, we release the constraint on the poloidal rotation and the system evolves self-consistently to the rotating state characterized by Q conv ≫ Q δB . The instability of the symmetric equilibrium can be characterized by the growth rate of a small perturbations of this equilibrium. The growth rate can be determined in the numerical experiment described above. A series of such numerical simulations for different amplitudes of the external magnetic perturbation reveals that the growth rate is nearly constant up to a critical value of the RMP perturbation level. Above this level, the growth rate is strongly increasing with the external perturbation amplitude. This is illustrated in Fig. 7b where the growth rate is plotted against the magnetic island width W linked to the perturbation amplitude via
The time growth rate of Q conv strongly increases for island widths W > 34. In that case, the half-width of the island W/2 > 17 approaches the distance between the resonant surface and the external boundary of the main computational domain x q=3.5 − x q=3 = 23 and the island likely is influenced by the boundary. Also, higher order harmonics become significant for W > W c ≈ 22, where the critical island with is given by
As illustrated in Fig. 8 , for W = 18 the amplitude of the second order (m, n) = (24, 8) mode is one order of magnitude lower than the amplitude of the main harmonics but for W = 36.5, the second harmonic is only lower by a factor of 0.3. 
V. STABLE ROTATING STATE IN TOROIDAL GEOMETRY WITH MULTIPLE RMPS
Toroidal curvature gives rise to linear coupling between m − 1, m, and m + 1 modes.
In particular, in the vorticity equation (1) The islands therefore are overlapping, but this overlapping is weak enough such that distinct local maxima are observed for the Q conv and Q δB fluxes, as shown in Fig. 9b . When applying a multiple harmonics RMPs in the toroidal curvature case, the plasma also evolves to a stable equilibrium with rotation and strong convective flux. This is illustrated in Fig. 11 , which may be compared with Fig. 9 . Differently from the cylindrical case in which a poloidal rotation is induced for all values of RMPs amplitudes, the poloidal rotation in toroidal geometry is triggered only for multiple harmonics RMPs and when Chirikov overlapping parameter σ > 1, which correspond to values of external resonant magnetic perturbation ψ 0 with island width W 0 > 13. In As described in Fig. 9 , a) depicts the equilibrium electric potential and poloidal rotation v E (x) and b) the difference in the flux intensities for Q conv and Q δB .
VI. CONCLUSIONS
In this work we investigate the dependence of the radial transport of the thermal energy from convection and magnetic flutter from the plasma response to a reference model of the resonant magnetic perturbations RMPs. The stationary states are studied running the 3D plasma edge turbulence code EMEDGE3D below to primary ballooning instability threshold. The simple static equilibrium in which the magnetic perturbation inside the plasma is in phase with the external perturbation and the plasma is not rotating is found to be unstable. The plasma is self-organized into a more complex state where the perturbation becomes phase shifted and the plasma rotates. This is due to the coupling between pressure and electrostatic potential perturbations induced by the magnetic curvature. In the stable equilibrium state, the phase between pressure and electrostatic potential is such that produces a rotating plasma with a significant thermal convective that exceeds the thermal flux from the magnetic flutter by a factor of 3-10 times. The instability of the simple equilibrium and the subsequent evolution to a new stable complex equilibrium has been first investigated in cylindrical geometry for a single harmonic RMP perturbation and latter for multiple RMP modes. We showed that for both situations the system reaches the same final equilibrium state with high convective flux and induced poloidal rotation. Then, we showed that the corresponding coupling mechanism between pressure and the electric potential also produces plasma rotation and a strong convective flux in the toroidal geometry with multiple RMPs. The convective thermal flux and the magnetic flutter flux are about the same order of magnitude, but the presence of the thermal convective flux condition is only achieved when Chirikov overlapping parameter is greater than one.
